In Brief
Ren et al. establish a genetic system to assign cell classes to their lineage origins. This system also enables birth-order analysis and genetic manipulation of a particular cell class. Analysis of sexually dimorphic neurons reveals that both sexspecific stem cell fates and differential apoptosis contribute to the final sexual dimorphism.
INTRODUCTION
Neurons within the brain can be classified into different cell classes based on their distinctive projection morphology or specific physiological characteristics, such as neurotransmitter type. One approach to better define various neuronal classes requires identification of their gene batteries and the discovery of the terminal selector genes that control the expression of these gene batteries [1] . An effective way to distinguish neuronal cell classes in genetic model organisms is based on identifying promoter or enhancer sequences of particular genes that are expressed differentially across neurons. These sequences can be used to drive the expression of heterologous factors, such as the yeast transcriptional activator GAL4 or recombinase, that enable the expressing neurons to be visualized or isolated [2] [3] [4] . Ideally, the expression of such heterologous factors recapitulates the expression of cell-class-specific genes, conveniently revealing most, if not all, cells with a shared characteristic and providing easy genetic access to that particular cell class [5] [6] [7] . The use of basic cell-class-specific transgenes that express heterologous factors (e.g., fruitless GAL4 (fru GAL4 ) or Vgat-IRES-cre, respectively) has allowed identification of various neuronal classes and their basic functions across diverse organisms [8] [9] [10] . However, enhancing our ability to resolve individual neuronal cell classes at a finer level will require more sophisticated transgenic systems, the engineering and characterization of which remain ambitious even in the powerful genetic model organism of Drosophila melanogaster. Moreover, classifying mature neurons based on terminal phenotypes provides no insight into how diverse neuronal classes are specified during development either.
The morphology and physiology of neurons are influenced by developmental decisions made in neural progenitors and subsequently within their lines of descent. This is particularly evident in Drosophila where diverse neurons arise from stereotyped neuronal lineages made by neural stem cells, called neuroblasts (NBs). In the fly central brain, neurons produced in series by one NB stay clustered throughout development and into adulthood [11] , although the glial progeny (if any) can migrate away [12] . Identification of nearly all of the 100 neuronal lineages that constitute the Drosophila central brain has been achieved by stochastic clonal labeling strategies [13, 14] . Each of these neuronal lineages is individually identifiable by its characteristic cell body positions and distinctive morphology. This argues that each NB produces a unique set of neurons. Mapping neurons produced by one NB has further shown that a given neuronal lineage consists of morphologically distinct neurons, which arise in an invariant sequence [15, 16] . These phenomena indicate that cell lineages specify diverse neuronal phenotypes.
The issue of heterogeneity within a cell class is demonstrated by the application of MARCM [17] to fru-expressing neurons, i.e., neurons that express fru GAL4 [18] . Discrete, stochastically generated clones of neurons expressing fru GAL4 revealed their distinct neurite projections that appear to contribute to different neural circuits (e.g., olfactory versus visual circuits). Genetic manipulation of various MARCM clones of fru-expressing neurons enabled identification of specific subsets of these neurons that function in certain male courtship behaviors [19] . Notably, performing similar clonal analyses on the scale of the whole brain would be an experimentally intensive effort. However, not fully understanding neuronal heterogeneity hampers studies of neural network function. Moreover, the neuroanatomical distribution of fru-expressing neurons in the central brain indicates that these neurons might arise from distinct lineages, but it is not clear how distinct lineages generate neurons within the same cell class or which lineages give rise to them.
We propose that assigning neurons within a class to their lineages of origin is the first step toward understanding how distinct lineages produce neurons of the same class during development, and how a given lineages specify neurons of a particular class. In some cases, the knowledge about the normal development of a particular class of neurons in vivo might be helpful for the efforts to generate those neurons in vitro [20] . Here, we focus on assigning specific cell classes to the eight type II lineages in Drosophila central brain. Type I NBs generate a series of ganglion mother cells (GMCs) that each gives rise to a pair of neurons. Type II NBs, however, yield a series of intermediate neural progenitors (INPs) that each can produce multiple ganglion mother cells (GMCs) and thereby generate a short neural sublineage [21] [22] [23] [24] . Thus, type II NBs yield many more neurons than typical type I NBs. Of the eight type II lineages per brain lobe, six are located in the posterior dorsal-medial regions (DM1-DM6) and two are located in the posterior dorsal-lateral regions (DL1-DL2). Labeling an entire type II lineage unveils extraordinarily complex neuronal morphologies, consistent with their production of highly heterogeneous neurons as well as glia [25] . Limited single-cell lineage analysis hints at the enormous diversity of neurons that can be reliably generated from one NB [26] . Notably, one INP can produce an invariant series of morphologically distinct neurons, while its sibling INPs produce analogous, but not identical, neuronal series. The occurrence of neuronal diversification along both INP and NB selfrenewing divisions can greatly complicate the cell class-lineage analysis in the type II lineages.
Given the stereotypy of the neural lineages, one can in theory reproducibly target specific neuronal subsets based on the lineages from which they originate. Toward this end, we have established strategies for engineering lineage-specific drivers by conditionally activating a transgene in specific NBs, which results in the labeling of all progeny [27] . Such neural lineagerestricted drivers should allow more focused cell class-lineage analyses. Here, we established cell class-lineage intersection (CLIn) for genetic intersections between a given cell class and specific neural lineages. CLIn offers multiple advances. First, it incorporates lineage-specific drivers to achieve targeted clonal analysis among specific lineages. Second, it provides independent labeling of entire neural lineages and their particular cellclass constituents for more effective clonal analysis. Third, it allows temporal mapping in single lineages by stochastic stage-specific clone induction to execute a three-party intersection between cell class, cell lineage, and developmental time. Fourth, it enables manipulation of gene and cellular functions throughout the development of the lineage as well as selectively in the cells of a particular cell class within the lineage.
Using CLIn, we efficiently mapped the dopaminergic neurons and the neuron classes that express the sex determination genes doublesex (dsx) and/or fru to the eight type II neural lineages in the Drosophila central brain. We showed that distinct subsets of dopaminergic neurons arise from six type II lineages, and morphologically distinct dopaminergic neurons are produced in a stereotyped sequence from a given lineage. After determining that the majority of dsx-or fru-expressing neurons in the posterior brain arise from type II lineages, we examined whether female-specific apoptosis could explain their lower number in females. By blocking apoptosis in type II lineages, we observed the full set of dsx-or fru-expressing neurons generated by male and female NBs. Our data suggest that the difference in the numbers of dsx-or fru-expressing neurons in males and females arises from a combination of sexually dimorphic NB fates and differential neuronal apoptosis. Systematic cell classlineage analysis using CLIn is clearly critical to establish a deeper understanding of the development and function of neurons in the brain.
RESULTS

CLIn: Cell Class-Lineage Intersection
The relationship between neuron classes and lineages is complex in the Drosophila brain, where analogous neurons of a given class may arise from distinct lineages and a single lineage can yield multiple neuron classes [13, 14] . Therefore, we developed a method that would enable us to map and analyze neuron classes with respect to lineage identity using intersectional transgenic strategies ( Figure 1A) . Specifically, the neuron class of interest expresses the GAL4 transcriptional activator from a class-specific transgene, while the lineage(s) of interest expresses the KD recombinase from a lineage-specific transgene. The KD recombinase activity triggers production of another recombinase, Cre, under the control of the deadpan (dpn) promoter, which is active in all NBs. Cre recombinase activity then triggers the simultaneous production of the LexA::p65 transcriptional activator and loss of the GAL4 inhibitor, GAL80, in all subsequently born progeny within the lineage(s). The LexA::p65 activates reporter-A expression within lineages of interest via lexAop ( Figure 1A, magenta) . Because all other neurons outside lineage(s) of interest express GAL80, GAL4 is only active in neurons of the LexA::p65-expressing lineage(s) and thus can positively mark these neurons by activating expression of a reporter-B under UAS control ( Figure 1A , green). One can therefore subdivide any complex set of neurons that express a class-specific GAL4 transgene based on their developmental lineage(s). Consequently, CLIn enables the unambiguous determination of the lineage origins of particular neuron classes, which is essential for understanding the development and organization of the Drosophila brain.
For initial validation of CLIn, we tested whether it could subdivide neuron classes within a complex GAL4 pattern according to their lineage origins. We identified R83D12-GAL4 as labeling neuron classes that includes recognizable AL projection neurons (PNs) and neurons that reside on the posterior-medial brain surface that most likely originate from type II lineages ( Figure 1B ; see the Experimental Procedures) [28] . Based on our knowledge of the lineages that produce neurons in these brain regions, we chose lines R44F03-KD and stg14-KD [26, 27] to express KD recombinase in the four antennal lobe (AL) lineages ( Figure 1C , belonging to type I lineages) and eight type II lineages ( Figure 1D) We next demonstrated the power of CLIn by mapping dopaminergic neurons made by specific type II NBs. TH-GAL4 marks most subtypes of dopaminergic neurons [29, 30] . Intersecting TH-GAL4 (Figures 2A and 2A 0 ) with stg14-KD by CLIn revealed three clusters of dopaminergic neurons, known as PPM2, PPM3, and PPL1 [30] , that originate from type II NBs ( Figures  2B and 2B 0 ). However, because the type II neuronal lineages are packed next to one another on the posterior brain surface, we were not able to determine the exact lineage origin(s) for particular dopaminergic neurons.
In order to achieve single-lineage resolution, we induced clones as a subset of cells within the CLIn-generated intersection. We accomplished this by incorporating an intermediate step that transiently induces the activity of flippase (FLP) recombinase through a heat-inducible method in a spatially restricted pattern determined by the lineage-specific KD line ( Figures 2C  and S1A ). This limited induction of FLP then activates an otherwise interrupted transgene with a pan-NB dpn promoter to drive the expression of Cre. Next, Cre removes the GAL80-containing loxP cassette, which is flanked by the ubiquitous Actin driver and LexA::p65. Thus, isolated NB clones that are positive for LexA::p65 and negative for GAL80 were generated and LexA::p65 further activates reporter-A expression via lexAop ( Figure 2C , magenta). The activity of GAL4 in the progeny of these clones is then revealed by a UAS-controlled reporter-B ( Figure 2C, green) . By labeling only a subset of neurons within the CLIn intersection, it can be unambiguously determined whether neurons of a particular class originate from a particular type II NB lineage. Because cell bodies of neurons derived from the same lineage generally stay grouped, we speculated that each cluster of dopaminergic neurons might arise from a single lineage. However, single-lineage CLIn analysis for THGAL4 neurons with stg14-KD-targeted type II lineages shows that the three known clusters of dopaminergic neurons, PPM2, PPM3, and PPL1, arise from six type II lineages ( Figures 2D-2G 0 and S2A-S2E 0 ; Table 1 ). Analysis of NB versus INP clones demonstrates that the DM6 lineage yields eight TH-GAL4-positive neurons ( Figures 2D and  2D 0 ), including two made by the first larval-born INP (denoted as INP1, Figures 2E and 2E 0 ). The INP1-derived dopaminergic neurons consistently target the ellipsoid body in the central complex, while the entire collection of DM6-derived dopaminergic neurons innervate additional brain regions, including the fanshaped body. With regard to the seven neurons in PPL1, these arise in distinct subsets from the DL1 and DL2 NBs ( Figures  2F-2G 0 ). The DL1 NB lineage produces two dopaminergic neurons that show a layer-specific FB innervation ( Figures 2F and  2F 0 ). By contrast, the DL2 NB generates five dopaminergic neurons, including those that target tips of the mushroom body a and a 0 lobes (Figures 2G and 2G 0 ). The few PPM2 neurons that we recovered were found to originate from the DM2, DM3, and DM4 NBs and showed lineage-specific neurite projections (Figures S2B-S2D 0 ). Together, single-lineage CLIn analysis revealed the exact developmental origins of specific dopaminergic neurons. Notably, one-to-one correspondence between cluster and lineage is observed only between the PPM3 cluster and the DM6 lineage ( Figures 2D and 2D 0 ). Thus, in the case of type II lineages, the assignment of spatially clustered neurons of a given class to a single lineage should be subject to experimental clarification.
CLIn analysis also allows one to determine the birthdate of GAL4-expressing neurons produced within specific lineages via developmental-stage-specific induction. With CLIn, all clones can be reliably detected, including later-derived clones that no longer exhibit GAL4-positive neurons due to clone induction occurring after birth of all of the GAL4-positive progeny. This could also be achieved by dual-expression-control MARCM [31] , which, however, lacks the lineage specificity of CLIn and involves a ubiquitous expression of LexA::GAD that may compromise organism viability. Notably, no type II clones generated at 48 hr after larva hatching (ALH) or later retained any TH-GAL4-positive neurons (Table S2) , indicating an early larval production of all dopaminergic neurons in the type II lineages.
We found that CLIn clones induced during the birth window of GAL4-positive neurons may carry a subset of these neurons, the number of which reduces over developmental time. Taking the DL2 lineage as an example, we recovered NB clones containing five to two PPL1 neurons over time (Figures 2H-2K) . Fewer dopaminergic neurons exhibit simpler collective patterns of neurite elaboration, analysis of which reveals an orderly disappearance of certain innervations over time. For instance, the elaborations within the MB vertical lobes disappear in a temporal sequence from the a lobe tips, through the a 0 lobe tips, and to the lobe upper stalks (Figures 2H-2K ). Neurons innervating these distinct targets could be individually recovered from isolated INP clones ( Figures 2L-2O ) and correspond to previously known PPL1-a3, PPL1-a 0 3, and PPL1-a 0 2a2 neurons, respectively [32] . These observations collectively argue for an orderly production of five morphologically distinct PPL2 neurons by the postembryonic DL2 NB.
CLIn analysis depends on genetic drivers that show activities only in a small subset of NBs. Uncovering enhancers (or promoters) that target distinct subsets of NBs would allow engineering additional lineage-specific drivers for conducting CLIn in type I lineages. From the Rubin GAL4 collection [28] , we have previously identified 100 enhancers that drive transcription activator expression in various subsets of five to 20 NBs in the brains of third instar wandering larvae [27] . Here, we re-examined these enhancers and mapped their NB coverage using mosaic clonal labeling in the adult brain. We identified 22 enhancers that each cover 15 or fewer NB lineages (Table S3) . Together with stg14 (type II lineages) and R41A10 (MB lineages [33] ), these enhancers collectively allow application of CLIn to approximately 84 of the 100 central brain neuronal lineages.
CLIn Reveals the Lineage Origins of Sexually Dimorphic Neurons
Neurons that express dsx and/or fru in the Drosophila brain are known to be sexually dimorphic [8, 34, 35] . We next applied CLIn to resolve the lineage origins for the dsx-or fru-expressing neurons that are made by type II NBs. The dsx GAL4 drives expression in three dsx-expressing neuronal clusters, namely, pC1, pC2, and pCd (or pC3), in the adult posterior brain. We found that the pC1 cluster originates from the DM4 lineage ( Figures  3A-3B  0 ) , while the pC2, and pCd clusters arise partly from the DL2 ( Figures S3Y-S3Z 0 ) and DM2 lineages ( Figures S3E-S3F 0 ), respectively (see Table 1 for cell number count). Additionally, we uncovered a male-specific dsx GAL4 neuron in the DM6 line- and S2 and Tables S1, S2 , and S3. TH-GAL4 0 ± 0 (n = 9) 1 ± 0.5 (n = 4) 1 ± 0.6 (n = 3) 1 ± 0 (n = 3) 0 ± 0 (n = 5) 7 ± 1 (n = 8) 2 ± 0 (n = 3) 5 (n = 1) dsx GAL4 male 0 ± 0 (n = 5) 4 ± 0.8 (n = 4) 0 ± 0 (n = 7) 64.7 ± 5 (n = 3) 0 ± 0 (n = 15) 1 ± 0 (n = 8) 0 ± 0 (n = 3) 31.3 ± 5 (n = 4) dsx GAL4 female 0 ± 0 (n = 2) 4 ± 0 (n = 3) 0 ± 0 (n = 3) 5 ± 0 (n = 6) 0 ± 0 (n = 2) 0 ± 0 (n = 5) 0 ± 0 (n = 2) 13 ± 2.9 (n = 4)
Male versus female dsx yes** yes** yes* yes*** no yes** no (p = 0.112) yes*** fru GAL4 male lexAop-p35 67.5 ± 13.4 (n = 9) 61.6 ± 25.2 (n = 6) 35.3 ± 7.5 (n = 6) 90.8 ± 14.8 (n = 6) 44.5 ± 7.8 (n = 13) 48.5 ± 8.8 (n = 15) 22.6 ± 7.1 (n = 7) 52 ± 19.4 (n = 5) fru GAL4 female slexAop-p35 38.3 ± 11.7 (n = 9) 32.6 ± 10.5 (n = 6) 30 ± 7 (n = 3) 49.5 ± 7.8 (n = 6) 26.2 ± 9.8 (n = 11) 30.3 ± 8.7 (n = 14) 15.5 ± 4.6 (n = 6) 15.8 ± 1.5 (n = 4) (Table S4) to eight type II lineages ( Figures 3C-3D 0 , S3, and S4), two of which (pIP-j and pIP-h; neurons in males than in females, the neural mechanism of which remains to be determined.
Mapping sexually dimorphic neurons to their lineage(s) allows detailed comparison between neurons that are developmentally related. Finding the corresponding male and female neurons could be rather challenging, especially for fru GAL4 neurons that reside in many, often small, clusters. In fact, the previous study has probably mis-assigned an unrelated female fru GAL4 cluster as the correspondence for the well-known male pMP-e or P1 cluster of fru GAL4 neurons [18] . By CLIn, we ascribed the pMP-e cluster of 50 fru GAL4 neurons in the male to the DM4 lineage (Figures 3C and 3C 0 ) and identified a distinct cluster of approximately ten fru GAL4 neurons arising from the female DM4 lineage ( Figures   3D and 3D  0 ). These female neurons mainly project upward to innervate the superior medial protocerebrum (SMP), with a few weak processes project downward to the superior posterior slope (SPS) and inferior posterior slope (IPS) (Figure 3D 0 ). -S5 and Tables S1, S2 , and S4.
due to the presence of many pMP-e neurons co-expressing dsx and fru [19] . By contrast, the approximately five female dsx GAL4 pC1 neurons ( Figure 3B 0 ), but not the approximately ten female pMP-e fru GAL4 neurons ( Figure 3D 0 ), show the male P1 clusterlike neurite trajectories, arguing for the absence of those dsx/fru doubly positive P1 neurons in the female brain [36, 37] . Assigning the lineage identity for male versus female dsx-or fru-expressing neurons without doubt paves the way for unraveling the developmental origin of sexual dimorphism in the brain.
Blocking Apoptosis via CLIn Reveals Sexually Dimorphic Lineage Compositions
Female brains carry much fewer dsx GAL4 or fru GAL4 neurons than male brains, presumably due to female-specific apoptosis of many dsx-or fru-expressing neurons [38] . The gender-dependent cell loss is thought to result from expression of female versus male isoforms of dsx and absence of fru isoforms in female [19, 39] . To further test these proposals, we employed CLIn, which permits independent genetic manipulations of certain neurons and an entire lineage via expression of UAS and lexAop transgenes, respectively. We blocked apoptosis by expressing an anti-apoptosis p35 transgene [40] selectively in the dsx GAL4 neurons (using CLIn's GAL4 activity) or throughout their parental lineages (using CLIn's LexA::p65 activity). Surprisingly, we found that the number of neurons expressing dsx
GAL4
was greatly increased by expressing the p35 transgene throughout the development of the type II lineages, as opposed to specifically in the progeny that express dsx GAL4 ( Figure S5 ).
Preventing apoptosis for an entire clone where dsx-or fru-expressing neurons (if any) can be examined in great detail revealed unexpected findings. We unmasked the production of many more dsx GAL4 and fru GAL4 neurons by the type II NB lineages after blocking apoptosis (Figures 3A 00 -3D 00 and S3; Table 1 ), which include those that make no mature dsx GAL4 neurons in the control brains ( Figures S3A-S3B 00 and S3M-S3N 00 ). Notably, extensive loss of dsx GAL4 and fru GAL4 neurons occurred in both male and female brains (Figures 3A 00 -3D 00 and S3A 00 -S3AB 00 ). For instance, blocking apoptosis in the DM4 lineage increased the 65 dsx GAL4 neurons in male (pC1, Figure 3A 0 ) and only five in female (pC1, Figure 3B 0 ) to a comparable number of 110 dsx GAL4 neurons in both genders (Figures 3A 00 -3B 00 , Table 1 ). In those apoptosis-blocked DM4 lineages, the female fru GAL4 neurons increased from approximately seven to 50 ( Figures 3D-3D 00 ; Table 1 ), matching well with the male fru GAL4 cell number ( Figures   3C and 3C 0 ; Table 1 ). However, blocking apoptosis rescued additional fru GAL4 neurons in the male DM4 lineage, increasing the DM4 male fru GAL4 neurons from 50 to 90 ( Figures 3C-3C 00 ; Table 1 ). The unexpected rescue of many dsx GAL4 / fru GAL4 neurons in the male brain sustained the presence of more dsx GAL4 / fru GAL4 neurons in the male than female lineages even when apoptosis was blocked throughout entire lineages (Table 1 ). These observations suggest that the cell number difference between male and female dsx-or fru-expressing neurons is not solely attributable to female-specific apoptosis (Figure 4) . Rather, apoptosis occurs in both sexes and male versus female lineages may produce different numbers of dsx
/ fru GAL4 neurons prior to the onset of apoptosis (Figure 4) . It is tempting to speculate that neural stem cell fates are sexually dimorphic in terms of the specification of dsx-or fru-expressing neurons.
DISCUSSION
Power of the CLIn System
The CLIn system unambiguously establishes the correspondence between cell classes and their lineage origins and enables the subdivision of a given neuronal class among certain NB lineages. It also allows interrogation of serially derived neuronal diversity. One can therefore map individual neurons of a given class with respect to their lineage and temporal origins in an effort to unravel the intricate neuron class-lineage relationships in the brain.
Revealing diverse cell classes of a lineage, by carefully choosing different GAL4 drivers that each distinguish a particular cell class, will allow better characterization of progeny heterogeneity within a lineage. We can then explore how cellular diversity is generated during development. For example, it will be interesting to determine whether a specific cell class develops from one fixed temporal window. Moreover, comparing the cell-class diversity of different lineages will provide insight into the developmental heterogeneity of stem cells.
Conversely, for cell classes that originate from multiple lineages, CLIn analysis reveals the distribution of a cell class among different lineages. Vertebrate studies found that neurons of the same lineage origin, compared to neurons of the same class but different lineage origins, are more likely structurally connected via gap junction and have similar network functions [41, 42] . In Drosophila, lineage has been shown to be a developmental and a functional unit [11, 13, 14] . Thus, assigning a cell class to different lineages may reveal the particular function of a neuronal subset within a cell class.
Moreover, the CLIn system permits incorporations of additional effectors driven by the GAL4-UAS system or the LexA system to manipulate cell class or lineage, respectively. The toolkit of effectors for different purposes is growing rapidly over recent years [43] . Multiple reporter constructs are available to label specific sub-domains of the cell (dendrite, axon, or synapse). Effectors that affect cell viability could eliminate or immortalize specific neurons or glia. Effectors that alter membrane activity can be used to modulate neural activity. In addition, CLIn enables distinguishing gene's functions in whole lineage including stem and progenitor cells versus only in a subset of lineage progeny by independent gene manipulations via lexAop versus UAS systems.
However, the CLIn system requires further improvement to reach its full potential. In particular, the drivers for targeting various NB subsets remain to be fully characterized [27] (Table  S3) . Moreover, their targeting efficiency and specificity could vary individually. Engineering drivers based on genes known to be expressed in defined subsets of embryonic NBs [44] may provide an initial complete set of more reliable NB drivers. An additional challenge for the study of type II lineages is how to selectively target INP sublineages. Via the current dpn enhancer, the frequencies of INP1 sublineages are very low compared with that of NB lineages ( Figure S1B ).
Origin of Diverse Neuronal Classes in Type II Lineages
Type II NBs yield supernumerary neurons plus glia, which are expected to be highly diverse in cell classes. CLIn unambiguously assigned various neuronal classes to common type II lineages. In this study, the majority of progeny remained negative for the drivers employed. Revealing the full spectrum of neuronal heterogeneity within type II lineages requires characterization of additional cell-class drivers.
Diverse cell classes could arise from a single INP. We have learned from single-cell lineage analysis that one INP can produce multiple morphological classes of neurons most likely pertaining to different functional classes [26] . Temporal mapping by CLIn revealed the birth of both TH-GAL4 and dsx GAL4 neurons in early windows of larval type II lineages (Table S2 ). This lends further support to the production of diverse neuronal classes by common INPs. Examining INP clones labeled by CLIn did validate that the first larval-born INP of the DM6 lineage makes one fru GAL4 neuron in addition to two TH-GAL4 neurons.
Per our limited cell-lineage analysis along the NB axis of type II lineages, sibling INPs produce morphologically similar series of neurons that differ in subsets of terminal neurite elaborations [26] . These phenomena indicate expansion of related neurons across sibling INP sublineages (see also [45] Pioneering studies in C. elegans showed that the acquisition of neurotransmitter identity could be achieved through distinct mechanisms [1] . A shared regulatory signature consisting of three terminal-selector types of transcription factors regulates the terminal identity of all dopaminergic neurons [46] . By contrast, different combinations of terminal selectors act in distinct subsets of glutamatergic neurons to initiate and maintain their glutamatergic identity [47] . In the present study, we observe that six type II lineages produce 18 dopaminergic neurons but all during early larval neurogenesis. The derivation of TH neurons from multiple neuronal lineages at similar temporal windows argues for their specification by combinations of different lineage-identity genes with common temporal factors.
Sexual Dimorphism of Type II NB Lineages
Previous analysis of fru GAL4 neurons has uncovered 62 discrete MARCM clones in the fly central brain that might arise from an equal number of lineages [18] . Ten clones show dimorphic cell numbers, and 22 clones exhibit dimorphic trajectories. Contrasting the stochastic clonal labeling of only fru GAL4 neurons, CLIn allows us to determine among a collection of lineages whether a given lineage yields any fru GAL4 neurons. Based on the additional lineage information, we attributed two clones (pIP-j and pIP-h) as being partial clones of another two full-sized clones (pIP-g and pMP-f). Moreover, our more focused approach reveals sexual dimorphism of fru-expressing neurons in all type II NB lineages.
The presence of many more dsx-or fru-expressing neurons in male than female brains is proposed to result from selective loss of specific neurons in females through apoptosis [38] . However, blocking apoptosis increased dsx-or fru-expressing neurons in both male and female lineages. This is consistent with a previous report showing that sex-independent apoptosis occur widely in type II lineages [48] . Although the number of apoptosis-blocked female neurons was similar, if not identical, to that of the control male neurons, blocking apoptosis unexpectedly increased the number of male dsx-or fru-expressing neurons such that there were more neurons in the apoptosis-blocked male than female lineages. This unmasks the original potential of the male and female NBs to produce different numbers of dsx-or fru-expressing neurons in type II lineages.
Distinct fates have been reported for male and female NBs in the abdominal ganglion of Drosophila CNS [49] . Here, the male isoform of Dsx, DsxM, promotes additional NB divisions in males relative to females. Similarly, it has been reported that DsxM specifies additional cell divisions in the male, relative to female, central brain NBs that give rise to the pC1 and pC2 clusters [36] . The proliferation of Drosophila intestinal stem cells is also determined by their sexual identity, although this is controlled by genes other than dsx and fru [50] . Consistent with the notion that male and female NBs may possess distinct fates, we found that male type II lineages contain more neurons committed to express dsx or fru, which possibly results from the greater number of NB divisions in males, as shown in the previous study [36] . Elucidating the underlying molecular mechanisms of sex-specific neuron numbers in the central brain will require additional studies of the sex-dependent production and specification of different dsx-or fru-expressing neurons in the apoptosisblocked type II NB lineages.
Neuronal Classes and Lineages in Diverse Brains
Lineage mapping based on morphology provides limited information about neuronal classes [15, 16] . Given the intricate relationship between neuronal classes and cell lineages, CLIn is needed to resolve the detail even in fly brains where invariant neuronal lineages exist. This is critical for fully understanding how cell lineages guide the formation of variant neural circuits with distinct combinations of neuronal classes and types.
In mammalian brains, extensive neuronal migration obscures the roles of cell lineages in the global organization of neural networks [51] . However, clonally related neurons preferentially make local connections [41, 42] . Moreover, ample evidence exists for the heterogeneity of mammalian neural stem cells and the control of neuronal identity by spatiotemporal patterning of neural progenitors [24, 52] . Untangling of a further sophisticated brain and its development may absolutely require examination of cell lineages and neuronal classes at the same time. Systems like CLIn with its emphasis on the relationship between cell class and lineage potentially aid greatly in the study of mammalian brain development, anatomy, and function.
EXPERIMENTAL PROCEDURES
Fly Strains
The following GAL4 driver stocks were used: R83D12-GAL4 [28] , TH-GAL4 [29] , dsx GAL4 [53] , and fru GAL4 [8] . lexAop>FRT-stop-FRT>myr::GFP [su (Hw) attP5], built using previously described elements [54] , was an unpublished gift from Gerry Rubin. nSyb^LoxP-stop-LoxP^LexA::p65 (VK27) and UAS-KD (attP2) were described previously [27] . Hs-Flp (attP18) was described in [26] . See Table S1 for the basic set of transgenic stocks for CLIn analysis.
Immunohistochemistry and Confocal Imaging
Adult fly brains (3-6 days old) were fixed and immunostained as described previously [17] . Primary antibodies used include rat antibody to mCD8 (1:100, Life Technologies no. MCD0800), rabbit anti-RFP (1:1,000, Clontech no. 632496), mouse anti-Bruchpilot, nc82 monoclonal antibody (mAb) (1:50, Developmental Studies Hybridoma Bank), and rabbit anti-GFP (1:1,000, Life Technologies, A11122). The secondary antibodies used include Alexa-488-conjugated goat anti-rat (1:200, Life Technologies A11006), Cy3-conjugated goat anti-rabbit (1:500, Jackson ImmunoResearch no. 111-165-144), and Cy5-conjugated goat anti-mouse (1:500, Jackson ImmunoResearch no. 115-605-146), and Alexa-488-conjugated goat anti-rabbit, 1:200 (Life Technologies, A11039). Whole-mount brains in Slowfade (Thermo Fisher Scientific) were imaged on a Zeiss LSM710 confocal microscope and archived for streamlined analysis. Images were processed using Fiji and Adobe Photoshop.
Clonal Analysis
Newly hatched larva (0-4 hr old) were manually collected and put into vials with standard fly food. Larva were cultured at 25 C unless specified otherwise.
Heat shock was applied for 18-20 min at 8-12 hr after larva hatching. For temporal mapping of cell classes, longer heat shock (2 hr) was applied at 48, 72, and 96 hr after larva hatching. Since TH neurons are born mostly by 48 hr, a second round of mapping was applied from ALH12 to 34 at 2-to 4-hr interval. Larvae were transferred back to the incubator after heat shock and dissected at adult stage.
Statistical Analysis
Neuronal number counting data were shown as mean ± SD. We employed unpaired t test to compare male versus female differences. Statistical test were done using Prism 6 (GraphPad Software). Asterisks denote levels of significant differences (*p < 0.05, **p < 0.01, ***p < 0.001). 
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